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ABSTRACT
Click reactions are a highly versatile class of reactions that produce a diverse range of
products. Copper-catalyzed azide-alkyne cycloaddition (CuAAC) click reactions require an azide
and a terminal alkyne and produce a coupled product that is “clicked” through a triazole ring that
can have a variety of substituents. In this work, bromo-terminated phosphonate films on copper
oxide surfaces were explored as the platform for click coupling, as the terminal azide needed for
the reaction can be generated through an in situ SN2 reaction with a terminal bromo group. The
reactions were characterized using model reactions in solution before being conducted on
modified copper oxide surfaces. Copper oxide surfaces were modified with 11hydroxyundecylphosphonic acid (1) through the tethering by aggregation and growth (TBAG)
method. Since modification of these surfaces with 1 installs a hydroxyl-terminated film (2),
synthetic routes to bromination of the alcohol species using phosphorus tribromide, tosyl
chloride and sodium bromide, 2,4,6-trichloro-(1,3,5)-triazine, and carbon tetrabromide were
explored. Sonogashira coupling with halo-pyridine and halo-terpyridine compounds was
conducted to synthesize a desired alkynyl species. CuAAC was conducted using the synthesized
bromo-terminated phosphonate film and a model terminal alkyne, and Surface Reflectance
Infrared analysis was used to characterize the films. Future work will focus on the use of the
CuAAC to couple a synthesized pyridyl alkyne species with the bromo-terminated films as a
route towards catalytic applications.
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INTRODUCTION
Click Coupling: Copper-Catalyzed Azide-Alkyne Cycloaddition
Click chemistry has emerged as a key category of reactions that can easily build complex
molecules from more simple ones, as they “click” together into highly stable coupled products.
These products contain functional groups such as triazole rings that are formed through highly
irreversible reactions. These reactions are additionally advantageous in that they generally give
high product yields and create byproducts that can be removed without follow-up methods
involving purification by chromatography.1 Due to these properties, click reactions are attractive
and have potential for creating a wide range of coupled products.
Copper (I)-catalyzed azide-alkyne cycloadditions (CuAAC) are an important class of
click reactions in which compounds containing a terminal azide can be reacted with compounds
with a terminal alkyne. The resulting coupled product is a five-membered triazole ring, as seen in
Figure 1.1-2 CuAAC holds an additional advantage in that the reaction can take place over broad
temperature and pH ranges and is compatible with a diverse range of functional groups.3
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Figure 1: General copper-catalyzed azide-alkyne cycloaddition coupling reaction

CuAAC is a regioselective reaction and yields the 1,4-disubstituted 1,2,3-triazole.4 Figure
2 illustrates a proposed mechanism for the formation of the triazole ring through coupling of an
azide and alkyne.4 In this mechanism, the copper (I) catalytic complex is generated when sodium
ascorbate reduces copper (II) sulfate. The copper (I) complex coordinates the terminal alkyne
and forms a copper acetylide species when the acetylenic proton is abstracted by a base, most
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likely by a water or tert-butanol molecule in the reaction mixture. The azide is then coordinated
with the copper complex, and the π electrons of the alkyne perform a nucleophilic attack on the
azide, forming a six-membered metallacycle ring intermediate, which is stabilized by another
copper complex. The nitrogen coordinated by both copper complexes then attacks the alpha
carbon which creates the five-membered triazole ring coordinated by one of the copper
complexes and simultaneously collapses the unstable metallacycle intermediate.4 Protonolysis
results in the release of the CuAAC coupled product containing the triazole, while the copper
catalyst is released to begin another catalytic cycle.5
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Figure 2: Mechanism for copper-catalyzed cycloaddition of azides and terminal alkynes, with [Cu] denoting the
copper complex catalyzing the reaction4,5
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The terminal azide that is necessary to react in the click reaction can be directly
synthesized, or it can be generated through an in situ SN2 reaction of an azide with a terminal
bromo-group.1 The latter is known as a one-pot synthesis, because it simplifies the synthetic
process by removing the need to isolate an azide-terminated compound prior to conducting a
click reaction.1 This research project will focus on the synthesis of a bromo-terminated
phosphonate film on a copper oxide surface (R1) and alkyne-terminated pyridine species (R2) to
act as reactants in the in situ CuAAC reactions.
The reaction scheme in Figure 3 shows a route to triazole formation through CuAAC,
with phenylacetylene acting as a model alkyne. The distinct bands due to the aromatic functional
group allow for ease of characterization of the coupled product by infrared spectroscopy (IR).
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Figure 3: Copper-catalyzed azide-alkyne cycloaddition (CuAAC) onto copper surface, with bromo-terminated
alkylphosphonates and phenylacetylene

Surface Modification: Phosphonic Acid Attachment through Tethering by Aggregation and
Growth (TBAG) Method
This research utilizes copper oxide surfaces as a platform for the bromo-functionalized
species that can participate in a click reaction. Carboxylic acid and phosphonic acid species have
been observed to self-assemble onto metal oxide surfaces as a monolayer, and these monolayers
act as the anchor for further surface-based modifications.6-13 Several studies have suggested that
phosphonic acids have the potential to bind to the metal oxide surface in a tridentate manner and
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that coordination of the phosphonate to the surface may often be in this form.14-15 This tridentate
bond formation is possible because there is an additional acid moiety on a phosphonic acid when
compared with a carboxylic acid. Figure 4 demonstrates carboxylic acid and phosphonic acid
binding on metal oxide surfaces.8
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Figure 4: Carboxylates and phosphonates can be covalently bound onto the surface of metal oxides

Deposition of acid species onto metal surfaces is procedurally accomplished through a
method known as tethering by aggregation and growth (TBAG). The TBAG method is a
technique in which the molecule that is to be adhered onto the metal oxide surface is dissolved in
a dilute solution. The metal oxide surfaces are then suspended in the solution in order for the
molecules to chemisorb onto the surface as the solvent evaporates, as seen in Figure 5b.10,13,16 A
self-assembled monolayer is formed when the phosphonic acids organize themselves in order to
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orient the polar head groups towards the copper surface, with hydrogen bonding interactions
occurring between the head group and the native oxide layer of the surface.
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Figure 5: Tethering by Aggregation and Growth reaction scheme (a) and depiction of method (b)

Figure 6 shows the phosphonic acid functional group as it interacts with the hydroxyl and
-oxo species that are present on the native oxide layer of the copper surface.15,17A series of
hydrogen bonding interactions facilitate the interfacial proton transfers from the phosphonic acid
to the metal surface. The -oxo groups are often a predominating species on copper oxide
surfaces15,17 and can have hydrogen bonding interactions with the phosphonic acid species. This
facilitates the opening of these groups through a second proton transfer to the surface, with the
end result being a greater degree of surface modification by the phosphonic acid species and a
more stable film.13,15
After chemisorption of the phosphonic acid monolayer onto the surface, baking the
surfaces causes dehydration and formation of covalent bonds between the phosphonic acid head
group and the metal oxide surface. The water generated in this process is removed from the
surface through exposure to heat, and the acid becomes covalently bound to the metal surface as
the phosphonate.10
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Figure 6: Mechanism of chemisorption and covalent bond formation between phosphonic acid and metal oxide
surface

Surface Modification: Synthesis
11-Hydroxyundecylphosphonic acid (1) was used as the phosphonic acid species to form
the surface monolayer through TBAG deposition. This research will use previously synthesized
1 to form surface-bound 11-hydroxyundecylphosphonate (2), as seen in Figure 7. The terminal
functional group on the alkyl chain that is not directly bound to the metal is free to participate in
further reactions on the surface.
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Figure 7: TBAG deposition of 1 onto a copper oxide surface
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After the phosphonate film is confirmed by surface reflectance infrared spectroscopy
(SRIR) to be covalently attached to the surface, further reactions can be conducted on the
terminal hydroxyl group of the phosphonate in order to convert it to a bromo-terminated
phosphonate film.

Synthetic Routes for Bromination
In this research, several reactions will be explored as synthetic routes to achieve
conversion of the terminal hydroxyl on the phosphonate film to the bromo- functional group
necessary to participate in the click reaction (Figure 8). One route utilizes phosphorus tribromide
(PBr3) as a bromination reagent through activation of the alcohol, followed by an SN2 reaction.18
Another route allows for conversion of the alcohol group to a tosylate, which functions as a
leaving group when the bromide of NaBr performs a nucleophilic attack in this SN2 reaction. 19
Another synthetic route involves the conversion of a hydroxyl group to a bromo group through
an Appel halogenation that uses carbon tetrabromide and triphenyl phosphine.20,21 A final route
uses sodium bromide in the presence of a trichlorotriazine promoter for bromination.22
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Figure 8: Possible Synthetic Routes on terminal hydroxyl of 2 to yield 3

Confirmation of reactions on surfaces can be difficult due to reliance on SRIR as the only
characterization technique. In addition, the presence of a monolayer and further reactions from
that monolayer may be difficult to detect due to possibly attenuated signals. Therefore, each
bromination route proposed for the modified copper surfaces in Figure 8 was modeled using 1heptanol (4) as the alcohol for solution-based reactions, as shown in Figure 9. This molecule was
chosen because it contains a primary alcohol and a seven-carbon alkyl chain and is a good
representative of the reaction that would occur on the surface. It is additionally advantageous to
conduct these reactions in solution because multiple characterization techniques are now
possible.
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Figure 9: Bromination routes in solution using 4 as the starting material

Bromination Routes: Phosphorus Tribromide
As seen in Figure 10, the mechanism of bromination using phosphorus tribromide
involves nucleophilic attack of the phosphorus by the oxygen of the hydroxyl group.19 This
results in one of the bromides being liberated as a bromide anion. The remaining phosphorus
species becomes a good leaving group that is ejected upon nucleophilic substitution by the
bromide anion. This results in the production of the alkyl bromide and dibromophosphinous acid.
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Figure 10: Mechanism of alcohol bromination using phosphorus tribromide
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Bromination Routes: Tosyl Chloride and Bromine Substitution
In the bromination route using tosyl chloride and sodium bromide, the formation of a
tosylate intermediate replaces the alcohol with a much better leaving group that can be freed
when the bromide anion performs a nucleophilic substitution on the tosylate species. The
mechanism, seen in Figure 11, involves the oxygen of the hydroxyl performing a nucleophilic
attack on the sulfur atom of the tosylate, directing the electrons onto one of the oxygens and
forming a trigonal bipyramidal intermediate. This intermediate collapses and ejects a chlorogroup, resulting in the formation of a chloride anion. The pyridine, in addition to acting as the
solvent in the reaction mixture, also acts a base that abstracts a proton from the oxygen on the
sulfonate. This results in the formation of the tosylate species and a protonated pyridine species.
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Figure 11: Mechanism for tosylation of an alcohol using tosyl chloride

When the tosylate is isolated, it can be reacted with sodium bromide, which allows the
bromide anion to attack the electropositive carbon species that is alpha to the tosylate (Figure
12). This results in the release of the sodium tosylate salt and formation of the desired alkyl
bromide species.

10

O
O

R

S

Br

R

O
O

Br Na+

Na+

O

S
O

Figure 12: Bromination of a tosylate species through SN2 substitution using sodium bromide

Bromination Routes: Carbon Tetrabromide
In Appel halogenation, carbon tetrahalides have been used along with triphenylphosphine
as another synthetic route to generation of halo-substituted species.20,21 The reaction mechanism,
seen in Figure 13, for bromination using carbon tetrabromide is initiated when the lone pair of
electrons on the phosphorus of the triphenylphosphine abstracts one of the bromo- groups on the
carbon tetrabromide. This forms an “Appel salt” species that consists of a
bromotriphenylphosphonium cation and a carbon tribromide anion.23 The carbanion species then
abstracts the proton from the hydroxyl, generating an alkoxide anion that performs a nucleophilic
substitution on the bromophosphonium ion and allows for the bromine to be released as a
bromide anion. The resulting alkoxytriphenylphosphonium species is resonance-stabilized, with
the phosphorus-oxygen bond having partial double-bond character. The bromide anion performs
a nucleophilic attack on the resonance structure in which the oxygen is positively charged,
generating the alkyl bromide and releasing a triphenylphosphine oxide species as a side
product.23
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Figure 13: Mechanism of bromination of an alcohol using carbon tetrabromide and triphenylphosphine

Bromination Routes: Trichlorotriazine
The chlorination of alcohols has been performed recently using 2,4,6-trichloro-(1,3,5)triazine (TCT), which has the advantage of being a relatively inexpensive reagent that can react
with the alcohol species under relatively mild reaction conditions.22 Additionally, the formation
of the corresponding bromoalkyl species has been observed with the addition of sodium bromide
to the reaction mixture.22 Seen in Figure 14, the mechanism of this reaction involves the
formation of a TCT-dimethylformamide (DMF) complex.22 One possible mechanism involves
the movement of the lone pair of electrons on the nitrogen of DMF into the carbon-nitrogen
bond, and the electrons in the carbonyl moving onto one of carbons in the aromatic triazine ring.
A tetrahedral intermediate forms as the electrons move onto an adjacent nitrogen atom, and the
intermediate collapses to reform the carbon-nitrogen double bond in the triazine ring. The
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oxygen of the hydroxyl performs a nucleophilic attack on the intermediate, generating a
positively charged hemiacetal-like species. An intramolecular proton transfer allows for the
electrons on the nitrogen to move into the carbon-nitrogen bond, expelling the triazine species as
a leaving group. When sodium bromide is added into the mixture, the bromide anion performs a
nucleophilic attack on the oxygen, which results in the regeneration of DMF and the release of
the alkyl bromide product. The bromide anion is able to compete with the chloride anion as a
nucleophile not only because is it present in a greater molar equivalent than the chloride but also
because NaBr is more soluble than NaCl in DMF.24
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Figure 14: A proposed mechanism for bromination of an alcohol using trichlorotriazine and sodium bromide
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Sonogashira Coupling: Synthesis of a Pyridyl Ligand for Catalytic Complexation
For future applications of this work, the alkyne-terminated compound required for
CuAAC must have the ability to bind a transition metal complex. This research will utilize either
a pyridine or a terpyridine compound, which functions as a monodentate or tridentate ligand,
respectively, in transition metal complexes. The alkyne that will be used to attach the pyridyl
group will be synthesized through a Sonogashira cross-coupling reaction.2 A proposed
mechanism for Sonogashira coupling involving a palladium catalyst and copper (I) iodide is
illustrated in Figure 15. The copper (I) co-catalyst coordinates with the ethynyl group, and
trimethylamine acts as the base to deprotonate the ethynyl group to generate a copper acetylide
species. The pyridine and the halide group coordinate to the palladium through an oxidative
addition,25 and the halide is displaced when the palladium coordinates the ethynyl group in a
transmetalation from the copper acetylide. The coupled alkyne is generated after trans/cis
isomerization and reductive elimination.25
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Figure 15: Mechanism for Sonogashira palladium-catalyzed cross coupling of pyridyl halides with
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For the purpose of this research, a Sonogashira reaction will be used to couple a
terpyridyl halide or pyridyl halide with triisopropylsilylacetylene (TIPS-acetylene) or
trimethylsilylacetylene (TMS-acetylene), respectively, to form a terpyridyl
triisopropylsilylalkyne (7) or pyridyl trimethylsilylalkyne (10), as seen in Figure 16.2
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Figure 16: Sonogashira coupling and desilylation reactions yield alkynyl pyridines

Desilylation of 7 or 10 results in the formation of the terminal alkyne 8 or 11 (Figure 16),
which can then be “clicked” onto the bromo-functionalized surface via the in situ CuAAC
reaction to yield 12, as demonstrated in Figure 17.
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Figure 17: CuAAC reactions of surface-bound bromo-terminated alkylphosphonates and synthesized alkynyl
pyridines

CuAAC Reactions with Bromo-Terminated Species
In order to model the CuAAC reaction on bromo-terminated films, CuAAC will be
conducted in solution using 5 as the model for a bromo-terminated species. Click reactions using
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these bromo-terminated compounds and phenylacetylene yield 1-heptyl-4-phenyl-(1H)-1,2,3triazole (13) and 1-(11-phosphonoundecyl)-4-phenyl-(1H)-1,2,3-triazole (14), as outlined in
Figure 18.
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Figure 18: Copper-catalyzed azide-alkyne cycloaddition reactions with 5 or 3 and phenylacetylene

Applications: Surface Catalysis
Ruthenium functions as a strong back-bonding metal center, and complexes containing
ruthenium have been shown to reduce carbon dioxide as homogeneous catalysts in solution.26-28
Tethering the ruthenium catalytic complexes to a surface would not only allow for facile reuse of
the catalyst, but it would also lower the cost of the carbon dioxide reduction process. Instead of
chemically recovering the catalyst, the removal of the surface would manually recover the
catalyst from the reaction vessel. The modified surface containing pyridyl or terpyridyl ligands
(12) would coordinate with ruthenium through the lone pair on the nitrogen, as shown with the
terpyridyl ligand in Figure 19.2
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EXPERIMENTAL

Chemicals were obtained from Fisher Scientific, Acros Organics, and Alfa Aesar; reagent
suppliers and purity are available in the Appendix. Chemicals were used as received unless
otherwise noted. Sonication was performed using a 2510 Branson Sonicator. An MBraun Solvent
Purification System was used in order to obtain dry tetrahydrofuran (THF) and dichloromethane.
Distillation procedures utilized a Kugelrohr Air Bath Oven.
Synthetic products were characterized using a 300 MHz Nuclear Magnetic Resonance
(NMR) Spectrometer and a Perkin-Elmer Spectrum RXI Fourier Transform Spectrometer for
Infrared Spectroscopy (IR). Copper surfaces were obtained from Fisher Scientific, and surface
characterizations were conducted using the Perkin-Elmer Fixed Angle Specular Reflectance
apparatus in conjugation with the IR. Background scans were taken of clean copper plates and
subtracted from spectra for samples being evaluated by IR; all surface IRs were averaged over 64
scans at 4 cm-1resolution. IR spectra of products from reactions that were conducted in solution
were taken using salt plates. NMR spectra were taken with samples dissolved in deuterated
solvents containing 0.03% TMS as an internal standard. All NMR and IR spectrum peaks, unless
otherwise noted, were assigned based on spectral characterization data.29-31
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Preparation of Copper Surfaces
Copper plates (approximately 1 cm x 1 cm x 1mm) were labelled for identification using
a Dremel Engraver and were suspended for all reactions using copper alligator clips obtained
from Mouser Electronics. In order to clean the surfaces, the copper plates were suspended by
copper clips and arranged around the edge of a 250 mL beaker. Plates were submerged in
hexanes and sonicated for 30 minutes. Plates were then transferred to a clean beaker and
sonicated in dichloromethane for 30 minutes. This process was repeated with three rounds of
sonication in methanol for 15 minutes each. Plates were dried under nitrogen and stored in a
gravity convection oven at 130°C until use.

Synthesis of 2 using the Tethering by Aggregation and Growth (TBAG) Method
A 0.60 mM solution of previously synthesized 16,10,32 (30.3 mg, 0.12 mmol) in dry
tetrahydrofuran (THF) was made in a 200 mL volumetric flask. The solution was sonicated for 5
minutes in order for the phosphonic acid to be fully dissolved in THF. The phosphonic acid
solution was added to 50 mL beakers, and clean copper plates were suspended in solution using
copper alligator clips. The THF was allowed to evaporate below the level of each plate, and
plates were heated at 140°C for 48 hours in a gravity convection oven. Plates were cooled and
stored in a desiccator. SRIR (cm-1): 2922.22- 2851.00 (CH2 stretch), 1092.54 (Cu-O-P),8 1001.07
(P-O stretch).29

Synthesis of 5 from 4 using PBr3
4 (2.5 mL, 17.5 mmol) was combined with 45 mL of dry dichloromethane in a 100 mL
round bottom flask and placed under nitrogen and allowed to cool to 0°C. Phosphorus tribromide
(1.14 mL, 12.0 mmol) was added over approximately 10 minutes to the flask via syringe. The
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reaction was stirred and monitored by TLC using 4:1 hexanes:ethyl acetate and visualized using
cerium ammonium molybdate (CAM) stain. The reaction was quenched with 60 mL water after
1.5 hours, and the mixture was extracted with dichloromethane (2 x 75 mL). The
dichloromethane layers were combined, washed with saturated NaCl solution, dried over MgSO4,
and filtered. The solvent was removed via rotary evaporation. The translucent, colorless liquid
was filtered through a 1-cm plug of silica with 20% hexanes in dichloromethane, and the solvent
was removed by rotary evaporation.18 Yield: 1.5051 g, 52% crude. 1H NMR (300 MHz, CDCl3):
δ/ppm = 3.40 (2H), 1.85 (2H), 1.57-1.28 (8H), 0.87 (3H).

Synthesis of 3 from 2 using PBr3
Copper plates containing 2 were suspended in a three-neck 100 mL round bottom flask,
and 50 mL dry CH2Cl2 was added in order to submerge plates in solvent. The reaction flask was
cooled over ice and placed under nitrogen. PBr3 (0.10 mL, 0.12 mmol) was slowly added to the
mixture via syringe, and the reaction was stirred for 3.5 hours. Water (40 mL) was added in order
to quench the reaction, and plates were sonicated in dichloromethane for 20 minutes on each
side. Plates were dried under N2 and stored in a desiccator prior to SRIR analysis.

Synthesis of 5 from 4 using TsCl/NaBr
4 (4.175 grams, 37.50 mmol) was dissolved in 20 mL pyridine and stirred in a 100 mL
round bottom flask at 0°C. Tosyl chloride (TsCl, 10.78 grams, 56.50 mmol) was dissolved
separately in 50 mL pyridine. The greenish TsCl/pyridine mixture was then added to the flask
containing 4, and the reaction was allowed to proceed for 24 hours. Thin layer chromatography
was conducted on the reaction mixture in 4:1 hexanes:ethyl acetate until the plate, developed
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using a KMnO4 stain, indicated the absence of alcohol starting material. The reaction mixture
was quenched with 100 mL 10% HCl and extracted with ether (3 x 75 mL). The ether layers
were combined and washed with saturated NaCl solution, dried over magnesium sulfate, filtered,
and evaporated via rotary evaporation. The crude product was clear with a yellow tint.33
Yield: 2.37 g, 34.8% crude. 1H NMR (300 MHz, CDCl3): δ/ppm = 2.45, 1.27 (8H), 0.87 (3H).
Sodium bromide (18.36 grams, 17.85 mmol) was partially dissolved in
dimethylformamide (DMF). Since the sodium bromide did not completely dissolve, the solution
was decanted from the undissolved solid and added to 0.8 g of the total product mixture
previously obtained. The resulting reaction mixture was heated in a 250 mL round bottom flask
at 60°C and allowed to proceed for 36 hours. The mixture was then diluted with 100 mL of water
and extracted with 3 x 140 mL of pentane. The reaction mixture was then dried over MgSO4,
filtered, and evaporated using a rotary evaporator. The product was clear with a light yellow tint
and had a negligible percent yield. 1H NMR (300 MHz, CDCl3): δ/ppm = 3.33 (2H), 1.79 (2H),
1.23 (8H), 0.82 (3H).

Synthesis of 3 from 2 using TsCl/NaBr
Plates modified with 2 were suspended in a 100 mL three-neck round bottom flask using
copper alligator clips, and 40 mL of pyridine was added to submerge plates in solvent. TsCl
(0.030 g, 0.160 mmol) was dissolved in 20 mL of pyridine. The resulting greenish-yellow
solution was added to the reaction vessel and allowed to stir at 0°C for 18 hours. Plates were
dipped in ice-cold 10% HCl and dried under nitrogen. Plates were a burgundy color. After being
dried in vacuum chamber for 1.5 hours, some light green splotches appeared on some plates.
SRIR (cm-1): 2997.84 (CH3 stretch), 1444.36 (S-O stretch), 747.59-688.40 (monosubstituted
aromatic).
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Plates were then suspended in DMF and allowed to stir at 60°C in a 100 mL round
bottom flask. NaBr (0.06 g, 0.60 mmol) was dissolved in DMF, and the solution was added to
the reaction vessel. The reaction was allowed to proceed for 20 hours, and the final reaction
mixture was a light orange color. Plates were sonicated in pentane for 20 minutes and dried
under nitrogen. SRIR (cm-1): 2927.05-2855.30 (CH2 stretch).
Synthesis of 5 from 4 using TCT
(2,4,6)-Trichloro-(1,3,5)-triazine (TCT, 1.8361 grams, 10.0 mmol) was added to 20 mL
DMF and swirled in a 50 mL round bottom flask. The solution turned a golden yellow with the
addition of DMF. NaBr (2.26 grams, 22.0 mmol) and 20 mL dichloromethane were added to the
reaction vessel. The mixture was allowed to stir at room temperature for 19 hours. 1.3 mL (9.1
mmol) of 4 was added, and the mixture was allowed to react for 30 minutes. The solution was a
grainy yellow mixture. The reaction mixture was washed with 20 mL water, 15 mL saturated
sodium bicarbonate solution, 15 mL 1 M HCl, and 15 mL saturated NaCl. The mixture was dried
over Na2SO4, filtered, and evaporated via rotary evaporation. The final reaction mixture was a
clear and translucent liquid.22

Synthesis of 3 from 2 using TCT
TCT (0.036 g, 0.190 mmol) was added to 20 mL DMF in a 100 mL round bottom flask.
After all the solid had dissolved, 10 mL of dichloromethane and NaBr (0.076 g, 0.730 mmol)
were added to the reaction vessel. The solution was allowed to stir at room temperature for 24
hours. Surfaces modified with 2 were suspended in the reaction vessel, and the reaction was
allowed to proceed for 3 hours. Plates were removed from the reaction vessel and dipped in
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saturated sodium bicarbonate solution, 1 M HCl, and saturated NaCl. Plates were dried in a
vacuum chamber for approximately 20 minutes.

Synthesis of 5 from 4 using Carbon Tetrabromide
Carbon tetrabromide (13.2 g, 38.3 mmol) and 4 (4.1 g, 35.0 mmol) were combined in a
100 mL round bottom flask with 25 mL dichloromethane and cooled over ice.
Triphenylphosphine (PPh3, 11.3 g, 43.1 mmol) was added to the reaction vessel over 45 minutes.
The solution went from having a light yellow tint to having an orange tint. The reaction mixture
was stirred for 18 hours and subsequently evaporated via rotary evaporation. A thick light yellow
solid was observed. 40 mL of hexanes was added, and the mixture was evaporated via rotary
evaporation after filtration of the solid. The resulting solution was translucent with a golden tint.
Yield: 8.33 g, 38.9% crude. Kugelrohr distillation was performed in order to remove
triphenylphosphine oxide byproduct.20 1H NMR (300 MHz, CDCl3): δ/ppm = 3.41 (2H), 1.87 (2
H), 1.41-1.30 (8 H), 0.89 (3H).

Synthesis of 3 from 2 using Carbon Tetrabromide
Carbon tetrabromide (0.054 g, 0.16 mmol) was dissolved in 20 mL dry dichloromethane
in a three-neck 100 mL round bottom flask, and the solution was cooled to 0°C. Copper surfaces
modified with 2 were suspended in the solution, and the mixture was allowed to stir for 5
minutes. PPh3 (0.044 g, 0.17 mmol) was added to the reaction mixture over 10 minutes. The
reaction was allowed to stir for 48 hours at room temperature. Plates were sonicated in hexanes
and dried in a vacuum chamber. SRIR (cm-1): 2927.47-2855.23 (CH2 stretch), 1436.71 (P-CH2
stretch).31

23

Synthesis of 7
Bis(triphenylphosphine)palladium (II) dichloride (Pd(PPh3)2Cl2, 27.0 mg, 0.0380 mmol),
copper (I) iodide (7.6 mg, 0.040 mmol), and 6 (0.18 g, 0.67 mmol) were added to a 50 mL round
bottom flask. Triisopropylacetylene (TIPS-acetylene, 0.375 ml, 1.70 mmol) was added to the
flask, and the resulting mixture was placed under N2. 40 mL dry THF was added to the reaction
vessel via syringe. The mixture was allowed to reflux at 80°C for 2 hours. The black solution
was filtered through a 1-cm plug of silica, eluted with 10% EtOAc in CH2Cl2. The solvent was
removed via rotary evaporation, and the crude product was a yellowish brown solid with a musty
smell. Flash column chromatography revealed the presence of two products in the mixture, and
the fractions containing each product were collected and evaporated via rotary evaporation.2

Modified Synthesis of 7
Pd(PPh3)2Cl2 (27.3 mg, 0.0390 mmol), copper (I) iodide (10.1 mg, 0.0530 mmol), and 6
(0.173 g, 6.50 mmol) were combined in a 100 mL round bottom flask. TIPS-acetylene (0.37 mL,
1.6 mmol) and 11 mL of diisopropylamine were added sequentially via syringe to the vessel. The
solution was degassed through alternating exposure to high vacuum and nitrogen for 10 minutes.
The reaction mixture was then placed under N2 and refluxed at 80°C. The reaction was removed
from heat after 2 hours. The resulting black mixture was filtered through silica and washed with
80 mL of 10% EtOH in CH2Cl2. A yellowish musty solid was isolated from the orange filtrate
via rotary evaporation of the solvent.

Synthesis of 10
Pd(PPh3)Cl2 (0.0902 g, 0.130 mmol), copper (I) iodide (0.0592 g, 0.310 mmol), and 9
(1.023 g, 5.300 mmol) were added into a 100 mL round bottom flask, and the flask was flushed
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with nitrogen. Dry diisopropylamine (15 mL) and trimethylsilylacetylene (TMS-acetylene, 0.80
mL, 5.7 mmol) were added to the reaction vessel via syringe. The reaction mixture progressed
over 30 seconds from a grainy yellow color to an orange, brown, and finally a black colored
solution. The reaction was allowed to stir at 40°C under nitrogen.
The reaction was quenched after 48 hours with 20 mL deionized water, extracted with 3 x
20 mL CH2Cl2, dried over MgSO4, filtered, and evaporated using a rotary evaporator. Kugelrohr
distillation yielded a clear, translucent solid.34

Synthesis of 11
Pd(PPh3)Cl2 (0.1834 , 0.2600 mmol), copper (I) iodide (0.0507, 0.270 mmol), and 9
(1.00 g, 5.10 mmol) were added into a 100 mL round bottom flask, and the flask was flushed
with nitrogen. Dry diisopropylamine (10 mL) and TMS-acteylene (0.80 mL, 5.7 mmol) were
added to the reaction vessel through a pressure-equalizing funnel. The reaction mixture
progressed over 30 seconds from a grainy yellow color to an orange, brown, and finally a black
colored solution. The reaction was allowed to stir at 40°C under nitrogen. The reaction was
quenched after 20 hours with 20 mL deionized water. Charcoal was added to the reaction
mixture, and the mixture was filtered through Celite. The product was extracted twice with 40
mL CH2Cl2, dried over Na2SO4, filtered, and evaporated using a rotary evaporator.
For desilylation of the Sonogashira product, methanol (10 mL) and CH2Cl2 (5 mL) were
added to the reaction vessel. KOH was dissolved in 5 mL methanol and added to the reaction
vessel, and the reaction was allowed to proceed for 24 hours at room temperature. The reaction
was quenched with 20 mL deionized water, and extracted with 3 x 30 mL CH2Cl2. The dark
orange reaction mixture was dried over MgSO4, filtered, and then filtered through a 1-cm plug of
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silica gel. The product was a yellow liquid when eluted with CH2Cl2. Solvent was removed via
rotary evaporation to yield a brown liquid product.34

Synthesis of 13 from 5 and phenylacetylene
Phenylacetylene (0.20 mL, 2.0 mmol), 5 (0.23 mL, 2.0 mmol), sodium azide (0.1376 g,
2.100 mmol), and 6 mL of 1:1 tert-butanol:deionized water were combined in a 20 mL
scintillation vial. Sodium ascorbate (0.0424 g, 0.210 mmol) and copper (II) sulfate (0.0706 g,
0.440 mmol) were added to the reaction vessel, and the reaction mixture was allowed to stir at
60°C for 4 hours. The reaction was quenched with 15 mL ice water and was allowed to stir for an
additional 5 minutes after the addition of 6 mL 10 % aqueous ammonium hydroxide. The solid
precipitate was collected with a Hirsch funnel and allowed to dry overnight.1

Synthesis of 14 from 3 (resulting from CBr4 synthesis)
Phenylacetylene (0.30 mL, 2.7 mmol), sodium azide (0.1770 g, 2.700 mmol), 15 mL of
1:1 tert-butanol:deionized water, sodium ascorbate (0.0105 g, 0.0530 mmol), and copper (II)
sulfate (0.0311 g, 0.190 mmol) were combined in 100 mL round bottom flask, and 3 was added
to the reaction vessel. The reaction was stirred at 60°C for 24 hours. Plates were dipped in ice
water, then 10% aqueous ammonium hydroxide, and dried under nitrogen.

Synthesis of 14 from 3 (resulting from TCT synthesis)
Phenylacetylene (0.30 mL, 2.7 mmol), sodium azide (0.177 g, 2.70 mmol), 15 mL of 1:1
mixture of tert-butanol and deionized water, sodium ascorbate (0.0105 g, 0.0530 mmol), and
copper (II) sulfate (0.0311 g, 0.190 mmol) were combined in 100 mL round bottom flask, and 3
was added to the reaction vessel. The reaction was stirred at 60°C for 24 hours. Plates were then
dipped in ice water, then 10% aqueous ammonium hydroxide, and dried under nitrogen.
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RESULTS AND DISCUSSION

Synthesis of 2
The first step in the synthesis of the bromo-terminated films involved covalent
attachment of a hydroxyl-terminated phosphonic acid onto copper oxide surfaces. Previously
synthesized 1 was used to prepare a TBAG solution, and clean plates were immersed in the
solution to allow adsorption of the species onto the copper surfaces. Baking the surfaces caused
the loss of water and formation of covalent metal-oxygen bonds between the surface and the
newly formed phosphonate. Surface Reflectance Infrared Spectroscopy (SRIR) was used in order
to confirm the presence of the bound species, as seen in Figure 20. The signal at 1092.54 cm-1
indicated the presence of a metal-oxygen-phosphorus bond between the phosphonic acid species
and the copper surface. The moderate stretches at 2851.00 cm-1 and 2922.22 cm-1 indicated the
presence of methylene stretches from the alkyl chain of the surface-bound phosphonate species,
and the signal at 1001.07 cm-1 indicates a phosphorus-oxygen bond.35 These peaks confirm that
the surface is covalently modified with the 11-hydroxyundecylphosphonate. With this
confirmation that the phosphonate containing a terminal hydroxyl was covalently bound to the
surface, synthetic routes towards bromination of the hydroxyl group were explored.
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Figure 20: Surface Reflectance IR (SRIR) of 2

Characterization of 4 and 5
NMR spectra were taken for commercially available 1-heptanol and 1-bromoheptane in
CDCl3 in order to compare the effectiveness of PBr3, TsCl/NaBr, TCT, and CBr4 as bromination
reagents in solution. Figure 21 shows a triplet at a chemical shift of 3.63 ppm, which represents
the two hydrogens on the α carbon to the hydroxyl group in 1-heptanol. In the NMR of 1bromoheptane (Figure 22), a triplet is present at 3.40 ppm, which is the typical chemical shift for
a protons adjacent to a Br.29 Additionally, the protons on the β carbon to the hydroxyl group
appear at 1.54 ppm, while the protons on the β carbon to the bromo- group appear at a chemical
shift of 1.84 ppm. The presence or absence of these signals was used to verify that the
bromination reaction had taken place. In both 1-heptanol and 1-bromoheptane, signals appear for
the methyl hydrogens at 0.87-0.89 ppm, and at 1.29 ppm for the remaining aliphatic protons.
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Figure 21: NMR spectrum of commercially obtained 4

Figure 22: NMR spectrum of commercially obtained 5
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An IR spectrum of commercial sample of 1-bromoheptane was taken as a reference in
assigning the peaks in the SRIRs for each surface bromination reaction, particularly as a
reference for the C-Br stretch. In the spectrum of 1-bromoheptane in Figure 23, the peaks at
2929.85 -2856.91cm-1 indicate the CH2 stretch, and the peak at 2958.24 cm-1 indicates the CH3
stretch. Peaks in the 690-515 cm-1 range and 1300-1190 cm-1 range indicate the presence of the
C-Br bond, which appear in this spectrum at 646.62 cm-1 and 1298.80-1200.25 cm-1.29

Figure 23: IR spectrum of commercially obtained 5

Bromination of 4 from 5 using PBr3
The NMR spectrum (Figure 24) of the crude product of the bromination using
phosphorus tribromide revealed a triplet present at chemical shift of 3.40 ppm and a multiplet at
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1.85 ppm, which indicated the presence of 1-bromoheptane. However, the peaks at 3.65 ppm and
1.57 ppm indicated that 1-heptanol starting material was also present in the reaction mixture. The
peak at 5.31 ppm represented residual dichloromethane solvent, and water was also present in the
mixture, as indicated by the peak at 1.69 ppm. Additionally, the peak at 4.05 ppm indicated the
presence of isopropanol,36 which could have been introduced into the reaction mixture through
an NMR tube that contained residual isopropanol. Despite the presence of several impurities in
the reaction mixture, the NMR revealed that the bromination using phosphorus tribromide,
although incomplete, worked in solution. Therefore, it was subsequently utilized as a reagent for
bromination on copper surfaces.

Figure 24: NMR spectrum of crude 5 synthesized from 4 using PBr3
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Synthesis of 3 from 2 using PBr3
Copper plates with 2 were submerged and reacted with PBr3. The SRIR revealed that the
expected peaks around 2850 cm-1 and 2910 cm-1, indicating the presence of phosphonate
methylene stretches, were not detectable. In addition, the peak near 1090 cm-1 indicating the
phosphorus-oxygen-metal bond was absent (Figure 25). PBr3 reacts violently with water;
therefore, the addition of water into the reaction vessel most likely lead to the formation of
hydrobromic acid which had the potential to interact with the phosphonate linkages that were
present on the copper surface.37 The peaks at 3447.63 cm-1 and 3330.24 cm-1 were attributed to
water adhering to the surface, and the peaks present at 1034.97 - 985.40 cm-1 indicated the
presence of a phosphorus-oxygen bond from a byproduct.

Figure 25: SRIR spectrum of 2 after PBr3 reaction
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Synthesis of 5 from 4 using TsCl/NaBr
Another bromination route involved converting 4 to the corresponding tosylate, which
acts as a better leaving group for the nucleophilic attack by the bromide ion. Aromatic signals
were present at 7.28 ppm and 7.68 ppm in the NMR spectrum (Figure 26), confirming the
presence of aromatic hydrogens, but these large peaks most likely represented residual pyridine
from the reaction mixture. Tosylate aromatic peaks typically appear at 7.79 ppm and 7.34 ppm,
and are difficult to discern in Figure 26 due to the overwhelming presence of pyridine signals in
the aromatic region of the spectrum.38 The signal at 0.87 ppm for the hydrogens of the methyl
group on the alkyl chain was present, but the signal for the methyl hydrogens on the toluene
substituent that should have been present at 2.45 ppm as a singlet was seen only as a small peak.
Methylene hydrogens adjacent to the oxygen of the tosylate are typically present near 4.02
ppm,38 but were conditionally assigned as the peak at 3.53 ppm in Figure 26. Bromination using
NaBr was conducted as a follow-up procedure, even though evidence indicating substitution of
the alcohol with a tosyl group was inconclusive based on this NMR spectrum.38
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Figure 26: NMR spectrum of 4 after TsCl reaction

The percent yield for the NaBr reaction was negligible, as might be expected based on the
discussion of Figure 26, but the NMR spectrum in Figure 27 revealed the presence of the bromogroup installed on the molecule, with the triplet at 3.33 ppm corresponding to the hydrogens on
the α carbon to the bromo- group. However, the peaks at 3.56 and 3.46 ppm indicated the
hydrogens on the carbons alpha to the hydroxyl and the tosylate, respectively. This indicated that
neither the tosylation nor the bromination reaction went to completion. The NMR of the crude
product also showed residual DMF as an impurity, as indicated by the peaks at 7.99-7.95 ppm,
2.89, and 2.80.29 Another impurity that was present was isopropanol, as indicated by the signal at
4.08 ppm.
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Figure 27: NMR spectrum of crude 5 after NaBr reaction

Synthesis of 3 from 2 using TsCl/NaBr.
Copper plates with 2 were suspended in the tosylation reaction mixture. The presence of
the surface-bound tosylate species was confirmed by SRIR (Figure 28), as the peak at
2997.84 cm-1 indicate the presence of an sp3 hybridized C-H bond that is present in the methyl
group on the tosylate. The peak at 1444.36 cm-1 also confirmed the presence of an S-O bond,
which is also present on the tosylate. Additionally, the peaks at 688.40 cm-1 and 747.59 cm-1
represent the peaks for the para-disubstituted aromatic ring structure of the tosylate. These
signals confirmed the presence of the tosylate species on the surface, but the peak near 1090 cm-1
indicating the metal-oxygen-phosphorus bond was not distinct in the SRIR. Although, the
tosylate species could not be confirmed to be bound to the surface, the bromination using sodium
bromide was still conducted on the surface.
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Figure 28: SRIR spectrum of 2 after reaction with TsCl

Following the reaction of the surfaces with NaBr, peaks are present for the CH2 of the
alkyl chain of the phosphonate at 2927.15 cm-1 and 2855.30 cm-1. However, the characteristic
peaks for a bromo-group, including the stretches in the 690-515 cm-1 region and 1300-1190 cm-1,
were absent (Figure 29). Additionally, the large peak at 1414.79 cm-1 may represent unreacted
tosylate.29 More importantly, the peak around 1090 cm-1 cannot be identified in either Figure 28
or 29, indicating that there is no conclusive evidence that the phosphonate species remains bound
to the copper surface after either the tosylation or the bromination reaction.
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Figure 29: SRIR spectrum of 2 after NaBr reaction

Synthesis of 5 from 4 using TCT
Another bromination route involved adding sodium bromide to trichlorotriazine (TCT),
allowing for the nucleophilic substitution of the hydroxyl by a bromide that is facilitated by the
triazine intermediate. The NMR of the product, seen in Figure 30, showed a triplet at 3.62 ppm,
which indicated that the alcohol starting material had not been converted into 5, which would
have had a peak that appeared around 3.4 ppm. A signal near 3.5 ppm, which would indicate the
occurrence of a chlorination reaction of the alcohol by the TCT, was absent. This indicated that
no halogenation reaction had occurred and that the amount of TCT in the reaction mixture may
need to be higher in order to promote halogenation of the alcohol. Residual DMF was present
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from the solvent in the reaction mixture, seen at 2.97, 2.89, and 8.01 ppm. Other impurities
present in the crude product are residual dichloromethane, acetone, and water, present at 5.31,
2.18, and 1.66, respectively.

Figure 30: NMR spectrum of 4 after TCT reaction

Synthesis of 3 from 2 using TCT
The SRIR spectrum (Figure 31) for the TCT-reacted plates showed no indication of the
surface-bound phosphonate film, as the peak indicating the oxygen-metal bond expected around
1090 cm-1 was not discernible on this SRIR. The only species that appears to be present on this
copper surface is the DMF from the reaction mixture that is adsorbed to the surface, as indicated
by the methyl stretches at 2930.47 cm-1 and 2865.29 cm-1.
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Figure 31: SRIR spectrum of 2 after TCT reaction

Synthesis of 5 from 4 using CBr4
A final route that was explored for alcohol bromination was using CBr4 in the presence of
triphenylphosphine. The NMR analysis of the product after reacting 4 with CBr4 revealed a
spectrum that was nearly identical to that of the commercial sample of 5, with the signal at 3.41
ppm indicating the protons on the alpha carbon to the bromo- group. Additionally, the peak at
1.85 ppm represents the aliphatic hydrogens on the beta carbon to the bromo- group, and signals
at 0.88-1.41 ppm indicate the remaining aliphatic hydrogens on the alkyl chain. Peaks at 7.517.68 ppm revealed the presence of aromatic rings present in the triphenylphosphine remaining in
the product sample as the only major impurity. After Kugelrohr distillation of the crude product,
these peaks for triphenylphosphine oxide disappeared in the NMR spectrum (Figure 32). This
route appeared to be the most efficient route to bromination of the alcohol in solution based on
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relatively high purity of the sample. This reaction was conducted on copper surfaces in order to
confirm the hypothesis that this reaction would work on the surface to the same degree.

Figure 32: NMR spectrum of 5 after reaction with CBr4 /PPh3 and Kugelrohr distillation

Synthesis of 3 from 2 using CBr4
Copper plates with 2 were then reacted with CBr4 and PPh3 in order to attempt the surface
bromination using these reagents. The typical range for C-Br stretches are 650-510 cm-1 and
1300-1190 cm-1. There were no stretches in these ranges; instead, the SRIR spectrum (Figure 33)
of the surface bound species revealed the presence of bands at 720.00 cm-1, 691.50 cm-1, and
669.58 cm-1, which fall into the range of peaks that are characteristic for aromatic compounds.
These peaks, along with the peak at 1436.71 cm-1 indicating a P-CH2 bond, suggest the presence
of a phosphorus species on the surface. The stretch around 2850 cm-1 and 2927 cm-1 were still
present from the alkyl chain of the phosphonate film, and the peak at 1114.52 cm-1 indicates the
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presence of a phosphorus-oxygen double bond, most likely indicating residual
triphenylphosphine oxide on the surface. The peak for the phosphorus-oxygen-metal bond
around 1090 cm-1 is once again indistinguishable on the IR. This leads to inconclusive evidence
of preserved phosphonate linkage on the copper surface.

Figure 33: SRIR spectrum of 2 after reaction with CBr4 /PPh3

None of the SRIR spectra taken after each bromination reaction could provide
confirmation of the surface-bound species, as the phosphorus-oxygen-metal bond expected near
1090 cm-1 was not distinct in any of the spectra. It was concluded that the general noise on the
spectra may have been overwhelming this peak, and click reactions would be conducted on the
surfaces (synthesized from CBr4 and TCT) in order to explore this possibility.
Sonogashira Coupling Reactions
The Sonogashira cross-coupling reaction was expected to produce the pyridyl alkyne
substrate for click. This molecule could then be involved in the in situ CuAAC with the bromoterminated surface, yielding a surface-tethered pyridyl complex.
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Synthesis of 7
An NMR spectrum (Figure 34) of starting material 6 was taken in order to compare with
the spectrum of the expected product (7).

Figure 34: NMR spectrum of 6

The first Sonogashira reaction involved coupling a chloro-terpyridine species with a
(triisopropylsilyl)alkyne to yield an alkynyl terpyridine species. The NMR spectrum (Figure 35)
of the product prior to conducting flash column chromatography showed peaks in the aromatic
region (8.71 ppm, 8.61 ppm, 8.50 ppm, 7.89 ppm, and 7.38 ppm), possibly suggesting that the
terpyridine coupled with the TIPS-acetylene that was present in the solution, as indicated by the
peak at 1.62 ppm and 1.09 ppm representing the silylalkyl group.
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Figure 35: NMR spectrum of 6 after Sonogashira reaction

The replacement of a chloro- group on the terpyridine with a TIPS group would be
expected to make the molecule more nonpolar, and, therefore, the Rf value of the product would
expected to be lower when carrying out TLC in a polar solvent. TLC carried out in the follow-up
for the reaction showed two spots, with a lower spot in the product mixture. This suggested that
the reaction generated a product that was possibly the expected Sonogashira product.
Flash column chromatography that was performed allowed for separation of the two
products that were present in the final reaction mixture. The NMR spectra that were taken
revealed that the product with the lower Rf (Figure 36) did not contain any peaks in the aromatic
region, indicating that it did not contain pyridyl groups, while the product with the higher Rf
(Figure 37) showed peaks in the aromatic region and indicated the presence of the pyridyl
groups.
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Figure 36: NMR spectrum of first fraction of the Sonogashira product after flash chromatography

Figure 37: NMR spectrum of second fraction of the Sonogashira product after flash chromatography
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It is possible that the new spot on the TLC that is more nonpolar was the product of
oxygen-promoted homocoupling of the TIPS-acetylene. The products from this homocoupling of
the silyl-acteylene groups can be seen in Figure 38. In Figure 36, there are signals at 1.09 ppm
due to the hydrogens of the methyl groups of the TIPS and at 1.26 ppm due to the hydrogen on
the central carbon of the isopropyl groups.

Si

Si

Si

Si

Figure 38: Structures for possible side products of the Sonogashira reaction due to homocoupling of TMS-acetylene
(top) and TIPS- acetylene (bottom)

The spectrum of the compound with the higher Rf (Figure 37) had several peaks that were
identical to peaks present in the starting material (Figure 34); it was therefore concluded that the
major component of the mixture was unreacted starting material.

Modified Synthesis of 7
The Sonogashira reaction set up was repeated, but alternating high vacuum and nitrogen
exposure of the vessel prior to the transmetallation reaction as a modification was performed in
order to minimize the chances of exposure of the reactants to oxygen in the air. TLC revealed
that the starting material and product had the same Rf values, thus the product was unreacted
starting material. The reaction was unsuccessful, most likely due to the presence of oxygen in the
reaction vessel, which lead to the homocoupling of the acetylene reagent. Although efforts were
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made to sparge the vessel with nitrogen to remove dissolved oxygen, this may not have been
completely effective.

Synthesis of 10
The Sonogashira reaction conditions were again modified, as the substrates in this
reaction were 9, instead of the chloro-terpyridine, and trimethylsilylacetylene instead of
triisopropylsilylacetylene. Since these reactants were not as sterically bulky as in the previous
iterations and the bromo group is a better leaving group than the chloro group for the
transmetallation, it was hypothesized that the Sonogashira reaction utilizing these compounds as
substrates would be more effective. Additionally, literature suggested that the product could be
isolated by extraction using dichloromethane.34 The NMR of the Sonogashira product (Figure
39) revealed a peak at 0.19 ppm that represented nine hydrogens of the trimethylsilyl group.
However, the absence of aromatic peaks at 7.31 ppm and 8.55 ppm that would be expected from
the pyridine ring in the product indicated that the coupling most likely did not occur. Once again,
homocoupling of the TMS-acetylene may have created this peak.39 The impurities at 1.24 and
1.56 ppm represented hexanes and water, respectively.
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Figure 39: NMR spectrum of 9 after Sonogashira reaction

Synthesis of 11
In the final modification of the Sonogashira reaction conditions, the amount of palladium
catalyst and copper (I) iodide cocatalyst that was traditionally used34 was doubled. Additionally,
a pressure-equalizing funnel was utilized in order to deposit the dry diisopropylamine and TMSacetylene in order to minimize the risk of exposure of the reaction vessel to oxygen present in the
air. The final change in the procedure involved utilizing the crude product from the Sonogashira
reaction directly in the desilylation procedure as a recommendation from one of the authors of
the paper from the Holmes research group.34 The expected peaks were absent from the NMR
spectrum (Figure 40),39 and that this modification did not increase the percent yield of the
product of Sonogashira coupling. The peak at 5.25 ppm represents residual dichloromethane, and
the large peak in the aromatic region is unassignable. A strategy to utilize in future research
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would involve very slow addition of the (trialkylsilyl)alkyne in order to reduce the likelihood of
the oxygen-sensitive homocoupling.

Figure 40: NMR spectrum of 9 after Songashira reaction and disilylation, taken in CD2Cl2

Synthesis of 13 from 5 and phenylacetylene
In order to characterize the click reaction that was to be performed on the bromoterminated films, the reaction was performed in solution using commercially available 5 as the
bromo-terminated molecule and phenylacetylene as the reactant containing the terminal alkyne.
Performing a CuAAC with these molecules would form a triazole ring, with one substituent
being an alkyl chain and the other substituent being a phenyl ring (13), as seen in Figure 18.
Peaks were present in 900-690 cm-1 range (901.84 cm-1, 785.24 cm-1), at 1996.07 cm-1, and
1092 cm-1 that indicated the presence of the monosubstituted aromatic ring substituent. However,
the peak in the 2200-2020 cm-1 range (2144.22 cm-1) indicates an azide species in the crude
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product, indicating success of the azidation but not of the formation of the triazole through the
click reaction.40 Additionally, a peak that is characteristic for a triazole ring is not present
between 3300-3010 cm-1, leading to inconclusive evidence of formation of the CuAAC product.

Figure 41: IR spectrum of 5 after CuAAC reaction, dissolved in acetone

Synthesis of 14 from 3
The SRIR of 3 (resulting from reaction with TCT) after the CuAAC reaction showed the
lack of distinct methylene peaks for the surface bound alkyl chain and for the P-O-Cu bond that
ensures covalent linkage of the species to the copper surface. The new peak at 2065.93 cm-1 after
the click reaction (Figure 42) once again represents free azide, not the successful formation of
the triazole ring. The lack of any other distinct peaks on this IR spectrum indicates that the
phosphonate film is no longer present on the surface. This is supported by the fact that the IR
indicated the lack of film after the TCT reaction in Figure 31.
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Figure 42: SRIR spectrum of 3 (from TCT synthesis) after CuAAC reaction

The SRIR of 3 (resulting from reaction with CBr4) after the CuAAC reaction showed
retention of the methylene peaks at 2852.74 cm-1 and 2923 cm-1, as well as the peak for the
phosphorus-oxygen-metal bond between the surface and the compound at 1088.21 cm-1 (Figure
43). Additionally, peaks were present in the 900-690 cm-1 range that confirmed the presence of a
monosubstituted aromatic ring. The new peak at 2057 cm-1 after the click reaction, however,
indicated the presence of an azide species. This evidence, along with the absence of a peak for
the triazole ring in the 3300-3010 cm-1 region, indicated that triazole formation could not be
confirmed. This could be due to the water peak at 3353.84 cm-1 overwhelming any other possible
peaks in the region of the spectrum that would contain the triazole peak.
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Figure 43: SRIR spectrum of 3 (from CBr4 synthesis) after CuAAC reaction

Bromination of 2 towards the assembly of a surface-bound catalyst
Of all the bromination routes characterized in solution, the route using carbon
tetrabromide completely converted the alcohol into a bromo- group. However,
triphenylphosphine oxide was observed as a side product on the surface and may be difficult to
remove. Carbon tetrabromide and triphenylphosphine will be utilized for bromination of
hydroxyl-terminated phosphonate films in future research, but optimization of the PBr3 and TCT
reactions will also be performed.
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CONCLUSIONS AND FUTURE WORK
Synthetic routes for both components that are involved as reactants in click reactions
were explored. With the bromo-terminated R1 group being a phosphonate film covalently bound
to copper oxide, and the R2 being the alkyne containing one or several pyridyl substituents,
coupling of these components creates the potential for pyridyl-based ligand modification of
copper oxide surfaces. Synthesizing a bromo-terminated film from 2 is possible through
bromination of the alcohol using carbon tetrabromide and triphenylphosphine as reagents. Future
work on the bromination routes will involve optimization of the reaction parameters for the PBr3
and TCT bromination reactions. Future work related to the Sonogashira reaction should focus on
minimizing oxygen exposure to the reaction flask or reaction mixture, possibly through very
slow addition of the silylacetylene reagent into the reaction flask. An additional technique that
could be explored is freeze-pump-thaw as a way of removing dissolved oxygen from the solvent.
With the success of the Sonogashira coupling of a silylalkyne with a halo-pyridyl species, along
with the desilylation of the coupled product, copper-catalyzed click coupling can occur on the
bromo-terminated film through an in situ azidation and triazole formation. The resulting
compound will be reacted with a species containing a ruthenium metal center in order to form a
surface tethered transition metal complex.
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APPENDIX
Chemicals
Reagent
1-bromoheptane
4-bromopyridine hydrochloride
4’-chloro-2, 2’:6’, 2’’-terpyridine
1-heptanol
(2,4,6)-trichloro-(1,3,5)-triazine
(cyanuric chloride)
Bis(triphenylphosphine)palladium(II)
dichloride
tert-Butanol
Carbon tetrabromide
Chloroform-d
Copper (I) iodide
Copper (II) Sulfate pentahydrate
Diisopropylamine
Ethyl acetate
Ethyl Ether
Hydrochloric Acid
Hexanes
L-ascorbic acid sodium salt
Magnesium sulfate, anhydrous
Methanol
Methylene Chloride
Methyl Sulfoxide-d6
Sodium azide
Sodium bicarbonate
Sodium bromide
Sodium Chloride
Sodium Sulfate, anhydrous
Diisopropylamine
N,N-dimethylformamide
Phenylacetylene
Phosphorus tribromide
Pyridine
Tetrahydrofuran
p-Toluenesulfonyl chloride
(triisopropylsilyl)acetylene
Trimethylsilylacetylene
Triphenylphosphine

Supplier
Sigma Aldrich
Oakwood Chemical
Acros Organics
Acros Organics
Acros Organics

Purity
99%
Reagent Grade
99%
98%
99%

Acros Organics

98%

Fisher Scientific
Acros Organics
Acros Organics
Acros Organics
Acros Organics
Acros Organics
Fisher Chemical
Fisher Chemical
Fisher Chemical
Fisher Chemical
Acros Organics
Fisher Scientific
Fisher Scientific
Fisher Chemical
Acros Organics
Acros Organics
Acros Organics
Allied Chemical and Dye
Corporation
Fisher Chemical
Fisher Scientific
Acros Organics
Fisher Scientific
Acros Organics
Acros Organics
Fisher Scientific
Fisher Scientific
Acros Organics
Acros Organics
TCI
Alfa Aesar

Certified ACS
98%
98%
98%
98%
99+%
HPLC grade
Certified ACS
Certified ACS plus
HPLC Grade
99%
Certified ACS
HPLC grade
GC/MS grade
99.9 atom %
99%
99.5%
Reagent Grade
Certified ACS
Certified ACS
99.5%, extra dry
Certified ACS
98%
99%
Reagent Grade
HPLC grade
99+%
Reagent Grade
>98.0%
99+%
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